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MaOBJECTIVES The aim of this study was to investigate whether cluster analysis of left atrial and left ventricular (LV)
mechanical deformation parameters provide sufﬁcient information for Doppler-independent assessment of LV diastolic
function.
BACKGROUND Medical imaging produces substantial phenotyping data, and superior computational analyses could
allow automated classiﬁcation of repetitive patterns into patient groups with similar behavior.
METHODS The authors performed a cluster analysis and developed a model of LV diastolic function from an initial
exploratory cohort of 130 patients that was subsequently tested in a prospective cohort of 44 patients undergoing
cardiac catheterization. Patients in both study groups had standard echocardiographic examination with Doppler-derived
assessment of diastolic function. Both the left ventricle and the left atrium were tracked simultaneously using
speckle-tracking echocardiography (STE) for measuring simultaneous changes in left atrial and ventricular volumes,
volume rates, longitudinal strains, and strain rates. Patients in the validation group also underwent invasive
measurements of pulmonary capillary wedge pressure and LV end diastolic pressure immediately after echocardiography.
The similarity between STE and conventional 2-dimensional and Doppler methods of diastolic function was
investigated in both the exploratory and validation cohorts.
RESULTS STE demonstrated strong correlations with the conventional indices and independently clustered the patients
into 3 groups with conventional measurements verifying increasing severity of diastolic dysfunction and LV ﬁlling
pressures. A multivariable linear regression model also allowed estimation of E/e0 and pulmonary capillary
wedge pressure by STE in the validation cohort.
CONCLUSIONS Tracking deformation of the left-sided cardiac chambers from routine cardiac ultrasound images provides
accurate information forDoppler-independentphenotypic characterizationofLVdiastolic functionandnoninvasiveassessment
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ABBR EV I A T I ON S
AND ACRONYMS
AV = single beat simultaneous
atrioventricular measurement
AV-S = atrio-ventricular
longitudinal strain at peak left
ventricular systole
LA = left atrium
LV = left ventricle
SRA = peak longitudinal strain
rate during left atrial
contraction
SRE = peak longitudinal strain
rate during early left
ventricular diastole
SRS = peak longitudinal strain
rate during left ventricular
systole
VRA = peak volume expansion
rate during left atrial
contraction
VRE = peak volume expansion
rate during early left
ventricular diastole
VRS = peak volume expansion
rate during left ventricular
systole
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2for the assessment of left ventricular (LV)
structural and functional abnormalities (4).
The newer approaches in tracking natural
myocardial markers, or speckles, in 2D car-
diac ultrasound images for computing
myocardial deformation provide incremental
characterization of myocardial functional ab-
normalities beyond ejection fraction (EF) (5).
Recent multicenter studies and global scien-
tiﬁc consortia have therefore endorsed stan-
dardization and automation of speckle
tracking echocardiography (STE) for routine
clinical application (6–8).
STE provides large sets of spatial and
temporal measurements; therefore, novel big
data analytic approaches may be well-suited
for STE databases for pattern recognition
and superior staging of cardiac muscle
dysfunction (9). In this investigation, we
hypothesized that the cumulative informa-
tion obtained from STE-based measurements
is similar to that obtained from the conven-
tional 2D echocardiograms and Doppler
measurements for characterizing LV diastolic
function and LV ﬁlling pressures. Therefore,we measured the STE-derived parameters in an
exploratory subset of patients with HF for under-
standing the relationships between STE and conven-
tional variables. In a separate validation group of
patients with invasive pressure measurements, we
subsequently tested the accuracy of the multivariable
models derived from the exploratory set for the
assessment of Doppler-independent phenotypic
characterization of the LV diastolic dysfunction and
noninvasive assessment of LV ﬁlling pressures.
METHODS
STUDY POPULATION. Patients for exploratory and
validation cohorts (Figure 1) were recruited from
2 centers; the Ain Shams University Hospital, Cairo,
Egypt (CAI) and the Icahn School of Medicine at
Mount Sinai, New York, New York (NY). The local
ethics committees of both institutions approved the
study. A single specialist analyzed echocardiographic
studies from both institutions (Mount Sinai Core
Laboratory).
Exploratory group. A convenience sample was devel-
oped from data retrieved from 2 centers (CAI and
NY). The CAI cohort was obtained prospectively and
included 108 consecutive patients with HF symp-
toms referred between June 2013 and March 2014 to
a single operator (Dr. Abdel Rahman) who performed
all of the echocardiograms. Patients were excluded ifthey had poor echocardiographic images, inadequate
visualization of LV and left atrial (LA) biplane views,
inadequate data for assessing LV diastolic function
and ﬁlling pressures, systemic comorbidities (e.g.,
malignancies, terminal hepatic failure, end-stage
chronic renal disease on dialysis), more than a mild
degree of valve disease, and pericardial diseases. As
such, 25 patients were excluded from subsequent
study analyses because of signiﬁcant mitral regur-
gitation (19 patients) and insufﬁcient echocardio-
graphic quality (6 patients). We further enriched this
sample with 79 retrospectively identiﬁed patients
from NY with HF symptoms who had undergone
echocardiograms in the same period with a single
physician (Dr. Sengupta). After applying the same
exclusion criteria as used in CAI, 47 patients were
selected, with 32 excluded because of signiﬁcant
mitral valve disease (22 patients) and insufﬁcient
image quality (10 patients). In summary, the
exploratory group comprised 130 patients with HF
symptoms (83 patients from CAI, and 47 patients
from NY).
Validation group. We prospectively identiﬁed 44
consecutive patients with HF symptoms who were
undergoing left and right heart catheterizations. The
exclusion criteria used in the exploratory cohort were
also observed for the validation group. Echocardio-
graphic examinations were performed by an investi-
gator blinded to the exploratory group analyses
(Dr. Omar) and were acquired using the same stan-
dardized protocol. Echocardiographic examinations
were performed just before right heart and left heart
catheterization studies. Pulmonary capillary wedge
pressure (PCWP) and left ventricular end-diastolic
pressure (LVEDP), were measured by an investigator
(Dr. Rifaie) blinded to echocardiographic data (4).
ECHOCARDIOGRAPHIC EXAMINATION. Two-dimensional
echocardiography. All echocardiographic studies were
performed with a commercially available echocardi-
ography system equipped with a 2.5-MHz multifre-
quency phased array transducer (Vivid 7 or E9,
GE-Vingmed, Horton, Norway). Digital, routine gray-
scale 2D loops from apical 2- and 4-chamber views
with 3 consecutive beats were obtained with both the
left ventricle and left atrium clearly and completely
visualized. LV end-diastolic volume, end-systolic
volume, and EF were calculated using the biplane
Simpson method of discs and left atrial maximum
volume (LAVmax) and minimum volume (LAVmin)
were calculated using the biplane area-length
method. All measurements were made in $3 consec-
utive cardiac cycles, and average values were used for
the ﬁnal analyses.
FIGURE 1 Study Protocol and Workﬂow
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Patients for exploratory and validation cohorts were recruited from 2 centers. All patients had a comprehensive echocardiographic
examination, with special emphasis on traditional echocardiographic predictors of left ventricular (LV) diastolic function and left ventricular
ﬁlling pressures (LVFP), in addition to speckle tracking echocardiography (STE) calculation of average atrioventricular longitudinal wall motion
(strain and strain rate) and volume expansion (volume and volume rates) parameters. Patients in the validation cohort also had invasive
assessment of LVFP. Correlations and similarity assessments between the STE and conventional parameters were ﬁrst tested in exploratory
groups. Subsequently, the extracted data were used to construct 2 multivariable models: a clustering model for the assessment of the
severity of LV diastolic dysfunction and a linear regression model for the calculation of LVFP. Both models were then saved and tested in the
validation group for both noninvasive and invasive assessment of diastolic dysfunction. E ¼ pulsed Doppler derived mitral ﬂow early diastolic
velocity; E’ ¼ tissue Doppler derived mitral annular early diastolic velocity; E/A ¼ Doppler derived mitral ﬂow early to late diastolic velocity
ratio; E/e’ ¼ ratio of Doppler derived mitral ﬂow early diastolic velocity to tissue Doppler derived mitral annular early diastolic velocity;
LAV ¼ left atrial maximum volume; MIC ¼ maximal information criteria; r2 ¼ squared Pearson correlation coefﬁcient.
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3Pulsed-wave Doppler examination. The pulsed-wave
Doppler-derived transmitral velocity and tissue
Doppler-derived mitral annular velocities were ob-
tained from the apical 4-chamber view. The early
diastolic wave velocity (E), late diastolic atrialcontraction wave velocity (A), and the E-wave
deceleration time were measured using pulsed-wave
Doppler recording. Spectral pulsed-wave tissue
Doppler-derived early and late diastolic velocities
(e0 and a0) were averaged from the septal and lateral
FIGURE 2 Speckle Tracking–Derived Atrioventricular Measurements
(A) STE of volume expansion. (B) STE of wall deformation. (C) Volumes plotted against time during a cardiac cycle for the left atrium (blue),
left ventricle (red), and total left heart volume in black dotted line. (D) LA-S (blue) and LV-S (red). Atrioventricular strain was calculated as
one-half the sum of the instantaneous maximal absolute values of LAS and LVS (black dotted arrow 1). (E) Volume rates plotted against time
during a cardiac cycle for the left atrium (blue) and left ventricle (red). Atrioventricular volume rate during systole (black dotted arrow 2),
during early diastole (black dotted arrow 3), and during late diastole (black dotted arrow 4) were calculated as one-half the sum of the
instantaneous maximal absolute corresponding values of the left atrium and left ventricle. (F) Strain rate plotted against time during a cardiac
cycle for the left atrium (blue) and left ventricle (red). Atrio-ventricular strain rate during systole (black dotted arrow 5), during early diastole
(black dotted arrow 6), and during late diastole (black dotted arrow 7) were calculated as one-half the sum of the instantaneous maximal
absolute corresponding values of the left atrium and left ventricle. LA-S ¼ left atrial longitudinal strain; LV-S ¼ left ventricular longitudinal
strain; LASR-A ¼ peak left atrial strain rate during left atrial contraction; LASR-E ¼ early diastolic Peak left atrial strain rate; LASR-S ¼ peak
left atrial strain rate during left ventricular systole; LAVR-A ¼ peak left atrial volume expansion rate during left atrial contraction;
LAVR-E ¼ early diastolic Peak left atrial volume expansion rate; LAVR-S ¼ peak left atrial volume expansion rate during left ventricular
systole; LVSR-A ¼ peak left ventricular strain rate during left atrial contraction; LVSR-E ¼ early diastolic Peak left ventricular strain rate;
LVSR-S ¼ peak left ventricular strain rate during left ventricular systole; LVVR-A ¼ peak left ventricular volume expansion rate during left
atrial contraction; LVVR-E ¼ early diastolic Peak left ventricular volume expansion rate; LVVR-S ¼ peak left ventricular volume expansion rate
during left ventricular systole; other abbreviations as in Figure 1.
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TABLE 1 Demographic, Clinical, and Echocardiographic Variables for Both Study Groups
Exploratory Group
(n ¼ 130)
Validation Group
(n ¼ 44)
Age, yrs 53.6  16.4 57.7  7.9
Sex, male/female 94 (72)/36 (28) 29 (66)/15 (34)
Heart rate, beats/min 77.3  13.5 78.5  14.9
NYHA functional class
I/II/III/IV 35 (28)/61 (46)/31 (22)/3 (3) 3 (7)/28 (64)/12 (27)/1 (2)*
NYHA functional class >II 34 (26) 13 (30)
Mean blood pressure, mm Hg 94.5  19 103.8  22*
Risk factors
Diabetes 38 (29) 17 (39)
Hypertension 56 (43) 27 (61)*
Smoking 38 (29) 10 (23)
Hyperlipidemia 23 (18) 4 (9)
>2 risk factors 44 (34) 20 (45)
Type of presentation
Dilated cardiomyopathy 58 (45) 20 (45)
Ischemic heart disease 23 (18) 24 (55)
Restrictive cardiomyopathy 11 (8) —
Hypertension 14 (11) —
Other 24 (18) —
Treatment
Beta-blockers 62 (48) 25 (57)
Renin angiotensin-aldosterone
blockers
44 (34) 17 (39)
Spironolactone 23 (18) 3 (7)*
Furosemide 46 (35) 15 (34)
Digoxin 15 (12) 1 (2)
Statins 47 (36) 16 (36)
Nitrates 22 (17) 24 (55)*
Aspirin 50 (38) 29 (66)*
Clopidogrel 11 (8) 13 (30)*
Calcium channel blockers 10 (7) 5 (11)
Conventional variables
LAVmax, ml 66  25.8 62.4  22.3
LAVmin, ml 30.7  21.6 24.9  15.1
ESV, ml 70.2  58 54.1  29
EF, % 53.1  16 55.3  12.6
EF >50%/EF <50% 73/57 25/19
E, cm/s 82.4  22.4 76.8  18.9
A, cm/s 68.6  29.8 77.1  26.2
E-DcT, ms 180.6  74.7 192  66.4
e0, cm/s 7.7  4 7.1  2
a0, cm/s 7.8  3.1 8.6  2.7
E/A 1.41  0.65 1.15  0.67*
E/e0 13.1  6.6 11.5  4.1
Nominal data are expressed as n (%) and continuous data are expressed as mean  SD. *p < 0.05.
A ¼ mitral ﬂow late diastolic velocity; a0 ¼ tissue Doppler derived mitral annular late diastolic velocity;
e0 ¼ tissue Doppler derived mitral annular early diastolic velocity; EDV ¼ end-diastolic volume; EF ¼ ejection
fraction; E ¼ mitral ﬂow early diastolic velocity; E-DcT ¼ mitral E-wave deceleration time; ESV ¼ end-systolic
volume; LAVmax ¼ maximal left atrial volume in milliliters; LAVmin ¼ minimal left atrial volume;
NYHA ¼ New York Heart Association; s0 ¼ tissue Doppler-derived mitral annular ejection systolic velocity;
TLVs ¼ total left heart volume during ventricular systole.
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5mitral annular positions. The averaged E/e0 ratio was
calculated as a Doppler echocardiographic estimate
of the left ventricular ﬁlling pressure (LVFP).
STE. Two-dimensional cardiac performance analysis
software (2D CPA, Tomtec Imaging Systems,
Unterschleissheim, Germany) was used for a simul-
taneous frame-by-frame movement assessment of
the stable patterns of LV and LA speckles in apical
4- and 2-chamber views. The endocardial borders of
both the LA and LV were traced at the end-diastolic
frame, identiﬁed as 1 frame before mitral valve
closure at end-diastole. The software allowed
delineating endpoints at the annulus for both LV and
the LA tracking lines, with a speciﬁc marker point
that indicated the position of the annulus. LA and
LV speckle tracking was then performed during the
cardiac cycle; the instantaneous changes in volume,
volume rates, longitudinal strain, and strain rate
were obtained from both apical views and averaged
(Figure 2).
Single-beat speckle tracking–derived volume and strain
measurements. STE-derived volume curves were used
for deﬁning LV end-diastolic volume and end-
systolic volume, LAVmax, and LAVmin, and total
left heart volume during ventricular systole (TLVs)
and diastole (TLVd) (Figure 2C). From the strain
curves, simultaneous peak LV systolic strain and
peak LA strain during LV systole were also measured
(Figure 2D). Atrioventricular strain (AV-S) was
calculated as the average of the magnitude of global
left atrial strain (LAS) and left ventricular strain
(LVS) [AV-S ¼ (LAS þ LVS)/2], where both LV systolic
strain and LA strain during LV systole are taken as
positive values. From the volume rate and strain rate
curves, simultaneous diastolic volume rates at early
and late diastole and strain rates at early and late
diastole and in peak ventricular systole of the left
ventricle and of the left atrium were measured
(Figures 2E and 2F). Finally, AV volume rate at early
and late diastole as well as strain rates during early
and late diastole and peak ventricular systole (VR-
EAV, VR-AAV, SR-EAV, SR-AAV, SR-SAV, respectively)
were calculated by averaging the respective LV and
LA absolute values.
CARDIAC CATHETERIZATION STUDIES. Invasive
hemodynamic data were available for the validation
cohort only. The echocardiographic examination was
performed just before the patients were wheeled in
for right and left cardiac catheterization; invasive
pressures were measured through a ﬂuid-ﬁlled
balloon-tipped catheter (10). Fluoroscopically veri-
ﬁed mean PCWP and LVEDP were obtained atend-expiration with the 0-level set at the midaxillary
line and represent the average of 5 cardiac cycles (11).
Signiﬁcant elevation of LVFP was deﬁned as PCWP
>18 mm Hg (12,13).
FIGURE 3 Heat Maps of Correlations Between STE and Conventional Variables in the Exploratory Group
(A) Heat maps overlapping the dots plots of correlations for illustrative purposes. Direct correlations are shown in shades of red (the darker the color, the more it
approves correlation coefﬁcient of 1.0), and inverse correlations are sown in shades of blue (the darker the color, the more it approves correlation coefﬁcient of –1.0).
(B) Squared correlation coefﬁcient (r2), (C) MIC, and, (D) the difference between both (MIC  r2) are shown for the STE that best represent correlates with the
conventional variables as well as between all STE variables and E/e0, as a surrogate for LVFP. Correlations were ﬁrst visually inspected as in (A) and linear correlations
were expressed as Pearson’s correlation equation. Nonlinear correlations were conﬁrmed by the value MIC  r2 and were expressed as the equation of the best line of
ﬁt. AV-S ¼ atrioventricular strain; EDV ¼ end-diastolic volume; ESV ¼ end-systolic function; LAVmax ¼ left atrial maximum volume; LAVmin ¼ left atrial minimum
volume; LVFP ¼ left ventricular ﬁlling pressure; MIC ¼ maximal information criteria; SR-AAV ¼ peak atrioventricular strain rate during atrial contraction; SR-EAV ¼ early
diastolic peak atrioventricular strain rate; SRE/SRAAV ¼ ratio between atrioventricular strain rate at early diastole and during atrial contraction; TLVd ¼ total left heart
volume during ventricular diastole; TLVs ¼ total left heart volume during ventricular systole; VR-AAV ¼ peak atrioventricular volume expansion rate at left atrial
contraction; VR-EAV ¼ early diastolic peak atrioventricular volume expansion rate; VRE/SREAV ¼ ratio between atrioventricular volume expansion rate and strain rate at
early diastole; VRE-VRAAV ¼ ratio between atrioventricular volume expansion rate at early diastole and during atrial contraction.
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6STATISTICAL ANALYSIS. Categorical variables were
expressed as number (%) and were compared using
the chi-square test. Continuous variables were
expressed as mean  SD, and were compared using
the independent sample Student t test. Correlations
between conventional versus STE parameters were
tested using linear regression, expressed as Pearson
correlation coefﬁcient (r) and by exploring the
maximal information criteria (MIC). The difference
between the absolute values of MIC and the squared
Pearson correlation coefﬁcient (r2) (i.e., MIC  r2 $
0.1), was used as a marker of nonlinear correlation,
conﬁrmed subsequently by visual inspection of the
correlation plots (14). Correlations were then used to
construct 2 multivariable models comprising STE
variables: 1) a clustering model for the assessment ofthe severity of diastolic dysfunction; and 2) a linear
regression model to compute the LVFP. Details of the
statistical methods used to construct the models can
be found in the Online Appendix (Online Tables 1
and 2). Intraobserver, interobserver, and beat to beat
variability were also checked and were expressed as
mean  SD of the differences and interclass correla-
tion coefﬁcients (Online Tables 3 and 4).
All analyses were performed with commercially
available software (SPSS version 21.0, SPSS, Inc.,
Chicago, Illinois, and R: A language and environment
for statistical computing, version 3.0.1, R Foundation
for Statistical Computing, Vienna, Austria). A p value
of <0.05 was considered statistically signiﬁcant. The
detailed statistical methods are presented in the
following section.
FIGURE 4 Clustering Dendrograms for Conventional Variables and Their STE Correspondents
The correlation plots in Figure 1 suggested STE correspondents of conventional variables. Clustering dendrograms using STE and conventional
variables together. The dissimilarity matrix is given as a heat map of Euclidean distance (red). The AU (red numbers) and BP (green numbers)
were calculated. AU values are shown only for leaﬂets that had an AU >95% (considered statistically signiﬁcant). Signiﬁcant proximity of
variables in the clustering leaﬂets were decided using 2D-LAVmax, E/e0, A-wave velocity, and a0 velocity were shown to be in perfect
proximity with their STE counterparts STE-LAVmax, VR-E/SR-EAV, VR-AAV, and SR-AAV, respectively (AU ¼ 97%, 96%, 98%, and 100%,
respectively). The conventional parameters e0/a0 and E/A were also in signiﬁcant proximity to their STE counterparts SR-E/SR-AAV and
VR-E/VR-AAV, respectively (AU ¼ 98%) and also between e0 and s0 and their STE counterparts SR-EAV and SR-SAV, respectively (AU ¼ 100%).
AU ¼ approximately unbiased probability; 2D ¼ 2-dimensional; VR-E ¼ rate of volume expansion at early diastole; other abbreviations as in
Figures 1 and 3.
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7RESULTS
The demographic, clinical, and echocardiographic
data for patients from the exploratory and validation
groups are summarized in Table 1. Both groups
were similar in age, sex distribution, and New York
Heart Association (NYHA) functional class. All risk
factors were also similar in both groups excepthypertension, which was more prevalent in the vali-
dation cohort (p ¼ 0.028). Both groups had a similar
degree of LV remodeling and severity of diastolic
function.
EXTRACTIONOFSTECORRESPONDENTSOFCONVENTIONAL
VARIABLES. Correlations between STE characteristics and
conventional measurements. Figure 3 shows the corre-
lations between the conventional and Doppler-based
TABLE 2 Description of Properties of the Doppler Independent Clusters
Cluster 1 Cluster 2 Cluster 3
Exploratory (n ¼ 130)
Number 34 (26) 51 (39) 45 (35)
Age, yrs 37.3  16.0 58.1  13.0 61.2  10.0*†
Males 23 (68) 34 (67) 37 (82)
Diabetic 7 (21) 12 (24) 19 (42)
Hypertensive 8 (24) 25 (49) 23 (51)*
NYHA functional class >2 0 (0) 9 (18) 25 (56)*
EF, % 63.5  10.0 52.8  16.0 44.9  15.5*†‡
EF <50% 2 (6) 8 (16) 24 (53)*
E, cm/s 90.2  13.2 70.4  22.3 90.2  22.4*†‡
A, cm/s 63.0  19.9 81.1  26.9 58.7  34.4*†‡
E-DcT 170.2  56.0 216.3  76.0 148.5  68.6*†‡
e’, cm/s 13.2  2.2 6.5  2.1 5.0  1.5*†‡
a0, cm/s 9.8  2.4 9.1  2.3 4.7  1.8*‡
s0, cm/s 9.6  1.7 6.7  1.4 4.8  1.5*†‡
E/A 1.53  0.42 0.97  0.49 1.4  0.65*†‡
e’/a0 1.42  0.46 0.76  0.34 1.25  0.65*†‡
E/e0 7.1  1.8 11.6  4.0 19.2  6.3*†‡
LAVmax, ml 45.7  10 58.9  15.2 66.0  25.0*†‡
Validation (n ¼ 44)
Number 7 (16) 29 (66) 8 (18)
Age, yrs 53.4  10.0 58.9  7.6 57.4  6.8
Males 6 (86) 19 (66) 4 (50)
Diabetic 5 (71) 10 (34) 2 (25)
Hypertensive 5 (71) 19 (56) 3 (38)
NYHA functional class >2 2 (29) 9 (31) 2 (25)
EF, % 57.3  11.5 58.5  10.1 42.2  10.9*†‡
EF <50% 3 (43) 9 (31) 7 (88)*
E, cm/s 83.1  20.3 69.6  13.2 97.1  20.8*‡
A, cm/s 62.5  19.6 84.3  23.1 63.6  33.4
E-DcT 144.6  46.0 212.9  59.4 152.0  72.0*†‡
e0, cm/s 9.0  2.3 7.1  1.7 5.5  1.0*†‡
a0, cm/s 8.6  1.4 9.6  2.3 5.0  1.7*‡
s0, cm/s 7.5  1.4 7.3  1.5 4.9  1.25*‡
E/A 1.6  1.0 0.87  0.27 1.8  0.74*†‡
e0/a0 1.1  0.46 0.78  0.23 1.2  0.35*†‡
E/e0 9.4  1.5 10.4  3.2 17.7  1.8*‡
LAVmax, ml 49.0  14.0 58.3  20.0 88.8  15.7*‡
PCWP, mm Hg 14.6  4.1 16.1  6.4 27.3  5.4*‡
LVEDP, mm Hg 18.4  5.6 20.0  5.5 36.0  6.6*‡
Values are n (%) or mean  SD. *Overall p < 0.05. †p < 0.05 between clusters 1 and 2. ‡p < 0.05 between
clusters 2 and 3. Cluster 1 represents a Doppler-independent group of patients with low left ventricular ﬁlling
pressures as identiﬁed by the conventional variables, cluster 2 represents a Doppler-independent group of
patients with mildly elevated left ventricular ﬁlling pressures as identiﬁed by the conventional variables, and
cluster 3 represents a Doppler-independent group of patients with signiﬁcantly elevated left ventricular ﬁlling
pressures as identiﬁed by the conventional variables.
PCWP ¼ pulmonary capillary wedge pressure; LVEDP ¼ left ventricular end diastolic pressure; other
abbreviations as in Table 1.
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8measurements versus STE-based indices. The distri-
bution of the STE-based measurements showed
several correlations with the conventional parame-
ters (Figure 3A, Online Table 1), as shown next.
The best correlations for strain rate–based pa-
rameters found between SR-EAV with e0 (r2 ¼ 0.67,
MIC ¼ 0.59; p < 0.001), SR-AAV with a0 (r2 ¼ 0.50,MIC ¼ 0.57; both p < 0.001), and SR-SAV with s0
(r ¼ 0.7, MIC ¼ 0.68; both p < 0.001). From the
values, it can be concluded that all correlations were
linear (all MIC  r2 < 0.1) (Figures 2B to 2D, Online
Table 2).
The best volume rate–based parameters correla-
tions were found between VR-EAV with E wave ve-
locity (r2 ¼ 0.04, p ¼ 0.03; and MIC 0.32; p < 0.001)
and VR-AAV with A wave velocity (r2 ¼ 0.2,
MIC ¼ 0.32; both p < 0.001). Both correlations were
of nonlinear nature (both MIC  r2 > 0.1) (Figures 2B
to 2D).
The best correlations for ratio-based parameters
were found between VR-E/VR-AAV with the ratio E/A
(r2 ¼ 0.38, MIC ¼ 0.5; both p < 0.001), SR-E/SR-EAV
with the ratio e0/a0 (r2 ¼ 0.44, MIC ¼ 0.49; both
p < 0.001), and VR-E/SR-EAV with the ratio E/e0 (r2 ¼
0.61, MIC ¼ 0.55; both p < 0.001). As such, the correla-
tion with E/A was found to be nonlinear (MIC  r2 > 0.1)
and the correlations with e0/a0 and E/e0 were linear
(MIC  r2 < 0.1) (Figures 2B to 2D).
Strong correlations were found between the
volume-based parameters 2D and STE-derived LV
(EDV: r2 ¼ 0.82, MIC ¼ 0.68, both p < 0.001; ESV:
r2 ¼ 0.9, MIC ¼ 0.78, both p < 0.001) and LA vol-
umes (LAVmax: r2 ¼ 0.7, MIC ¼ 0.72, both p < 0.001;
LAVmin: r2 ¼ 0.8, MIC ¼ 0.8, both p < 0.001).
Moreover, 2D and STE-derived total left heart vol-
umes (TLVd and TLVs), also correlated strongly
(TLVd: r2 ¼ 0.85, MIC ¼ 0.68, both p < 0.001; TLVs:
r2 ¼ 0.91, MIC ¼ 0.79, both p < 0.001). All correla-
tions were of a linear nature, as suggested by MIC 
r2 < 0.1 (Figures 2B to 2D).
Variable clustering and similarity assessment. Next, a
clustering model was constructed using the tradi-
tionally used parameters E, A, e0, and a0 velocities and
LAVmax, in addition to the ratios E/A, e0/a0, and E/e0,
in addition to their correlation-derived corresponding
STE variables (Figure 4). The model identiﬁes the
closest coupled parameters and segregates them into
groups according to the distance between the coupled
parameters. In this model, all STE variables were
perfectly coupled or showed signiﬁcant proximity to
their conventional counterparts within the clustering
dendrograms (approximately unbiased probability
>95%), suggesting a high statistical level of overlap
between the STE-derived variables and the conven-
tional volume and Doppler variables (log likelihood
ratio: –1,413.0, BIC: –4,287.5; distance: minimum 1.2,
median 5.522, mean 5.671, maximum 13.380)
(Figure 4).
As such, it can be inferred from the correlations that
correspondents to the conventionally used parameters
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9can be found within the STE data, and that these
parameters, according to the similarity analysis, might
be functioning similarly to the conventional variables.
As a result, the extracted STE variables were used as
correspondents of the conventional parameters in
deriving the Doppler independent models.
DEVELOPMENT OF DOPPLER-INDEPENDENT CLUSTERING
MODEL FOR ASSESSING DIASTOLIC DYSFUNCTION
SEVERITY. A 2-step clustering model was constructed
using all available STE parameters. On this basis, the
model divided the patients into 3 groups (log likeli-
hood ratio: –451, BIC: –1,939.3) (Table 2). These clus-
ters showed progressive worsening of diastolic
functions and LVFP, as suggested by the conventional
variables E/A, e0, LAVmax, and E/e0 (Table 2), and
were accompanied with progressively increasing age,
higher prevalence of hypertension, increasing NYHA
functional class, and worsening EF.
DEVELOPMENT OF MULTIVARIABLE LINEAR
REGRESSION MODEL FOR CALCULATION OF FILLING
PRESSURES. Correlations between all STE variables
and E/e0 (as a surrogate of LVFP) were rechecked.
Visual inspection identiﬁed that correlations were of
a linear nature for TLVs, TLVd, and VR-E/SR-EAV
(r ¼ 0.67, 0.62, 0.78, respectively; all p < 0.001) and
were nonlinear for AV-S, SR-EAV, SR-AAV, and SR-SAV
(best ﬁt r ¼ 0.73, 0.77, 0.65, 0.7; all p < 0.001). A
multivariate regression model suggested that AV-S,
SR-EAV, and VR-E/SR-EAV were the best independent
predictors of E/e0 (beta ¼ 0.28, 0.187, 0.448; p ¼ 0.01,
0.032, <0.001; model-adjusted r2 ¼ 0.684, p < 0.001)
(Figures 5A and 5B), whereas other variables lost sta-
tistical signiﬁcance. The model equation using these 3
variables was saved and tested in the validation
cohort (Online Appendix).
APPLICATION OF THE FINDINGS OF THE EXPLORATORY
GROUPTOTHEVALIDATIONGROUP. Clustering model. The
Doppler-independent 2-step clustering model, when
applied to the validation group, reproduced the same
features of clustering as seen in the exploratory
cohort. The clinical and functional characteristics of
the exploratory cohorts were also retained in the
validation cohort. Although patient’s age, risk factors,
and NYHA functional class were not statistically
different between clusters, systolic and diastolic
function parameters were signiﬁcantly different be-
tween the groups.
Moreover, to overcome the differences between
the exploratory and validation cohorts, a 2-step
cluster analysis initiated from a 1:1 propensity
score–derived exploratory group was undertaken.The originally noted differences between the clusters
persisted in the validation cohort (Online Appendix,
Online Table 5).
Linear regression model. Using the multivariate linear
regression model equation saved from the explor-
atory cohort, the predicted E/e0 was found to correlate
signiﬁcantly with E/e0 (r ¼ 0.72, p < 0.001) (Figure 5C).
Receiver operator characteristic curves suggested
areas under the curve for detection of E/e0 >13 of 0.94
(95% conﬁdence interval: 0.872 to 0.999) (Figure 5D).
VALIDATING THE CLUSTERING AND THE LINEAR
REGRESSION MODELS IN THE ASSESSMENT OF
INVASIVELY MEASURED HEMODYNAMICS. Interest-
ingly, in the 2-step clustering model produced in the
validation cohort, the values of PCWP and LVEDP
corresponded to the severity of diastolic function
(Table 2). Of more importance, the multivariate linear
regression equation was able to predict PCWP
(r ¼ 0.67, p < 0.001) (Figure 5E). Receiver operator
characteristic curves suggested areas under the curve
for detection of PCWP >18 of 0.86 (95% conﬁdence
interval: 0.738 to 0.985) (Figure 5F).
DISCUSSION
The key ﬁndings of this study are: 1) a high statis-
tical level of overlap was seen between STE-derived
data and conventional echocardiographic methods of
diastolic function assessment; 2) clustering of the
patients based on STE data into 3 different groups
that corresponded to worsening severity of diastolic
dysfunction grades as veriﬁed by the conventional
parameters; and 3) building a linear multivariable
model from Doppler-independent STE data demon-
strated a good diagnostic accuracy in predicting LV
ﬁlling pressures. These ﬁndings suggest that the in-
formation content of STE variables corresponds to
that derived from 2D and Doppler-based analysis
and can provide an independent assessment of dia-
stolic function and LV ﬁlling pressures. There is
growing shift toward using data-driven analytics for
precision medicine (15). Use of these techniques in
the ﬁeld of cardiac imaging is enabling automated
interpretation of echocardiography images using
machine-learning approaches (8,16). The data pre-
sented in this study thus represent the ﬁrst steps in
computer-driven unsupervised classiﬁcation of
recurring patterns in speckle tracking–derived data
that will potentially open up new opportunities for
fully automated assessment of diastolic function in
clinical practice.
FIGURE 5 Multivariate Linear Regression Model for Correlations in the Exploratory and Validation Cohorts
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(A) Dot plot showing the correlation of the output of the equation of a multivariate model constructed of SR-EAV, AV-S, VR-E/SR-EAV
(predicted E/e0), and the Doppler surrogate of LVFP E/e0 in the exploratory group. (B) Receiver operator characteristic curve of the ability of
the model (predicted E/e0) to predict E/e0 >13 in the exploratory group. (C) Dot plot showing the correlation of the output of the same
multivariate model equation (predicted E/e0) and the Doppler surrogate of LVFP E/e0 in the validation group. (D) Receiver operator
characteristic curve of the ability of the model (predicted E/e0) to predict of E/e0 > 13 in the validation group. (E) Dot plot showing the
correlation of the output of the same multivariate model equation and the invasively measured PCWP in the validation group. (F) Receiver
operator characteristic curve of the ability of the model (predicted PCWP) to predict of PCWP >18 mm Hg in the validation group.
AUC ¼ area under the curve; PCWP ¼ pulmonary capillary wedge pressure; other abbreviations as in Figures 1 to 4.
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10CONVENTIONAL ASSESSMENT OF DIASTOLIC FUNCTION:
STRENGTHS AND PITFALLS. The assessment of LV dia-
stolic functions is essential in the course of manage-
ment of patients with heart failure (17). Methods used
have evolved over the decades from clinical evaluationto invasive pressure measurements and noninvasive
advanced imaging, with echocardiography commonly
used at the bedside (17). However, no single echocar-
diographic parameter has been shown to adequately
address diastolic function, and conventional
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11approaches incorporate several 2D, Doppler, and tissue
Doppler variables in decision tree–based algorithms.
This occurs mainly because the development of dia-
stolic dysfunction involves complex interactions,
which include defects in active and passive diastolic
properties occurring separately or in combination.
Moreover, LV diastolic function is closely coupledwith
atrial function; thus, the transmitral ﬂow parameters
of the left ventricle have to be interpreted in light of LV
relaxation, LA function, and loading parameters, with
each one affecting LV ﬁlling pressures. Because of the
high dimensionality and complexity of variables that
affect LV diastolic function and ﬁlling pressures, a
multiparametric approach is necessary during echo-
cardiographic assessment (4,18).
Although currently recommended algorithms
continue to be successfully implemented in clinical
practice, they require a high level of training and
expertise to be effectively used (4). The validity of the
consensus-driven classiﬁcation algorithm versus
data-driven clustering tree classiﬁcation could be an
important consideration for further streamlining of
the existing guidelines. However, the use of a multi-
step multiparametric approach using different 2D and
pulsed Doppler measurements requires considerable
laboratory effort for standardization (19). In addition,
these parameters are compiled from different cardiac
cycles at different cardiac locations and are thus
susceptible to time and hemodynamic load–related
measurement variances (19–21). In contrast, the
instantaneous integration of atrial and ventricular
function and geometry from a single heart beat may
be useful to overcome variability related to heart rate
and respiratory load–related changes. Several STE
parameters such as SR-E have been previously
investigated as surrogate variables for measuring
LVFP or to assess of LV diastolic function (22–24).
Such STE-based assessments are attractive, alterna-
tive ways of assessing cardiac function because
multivariable assessment of cardiac function can be
performed using just gray scale–based cardiac ultra-
sound motion data with multiple spatial assessments
that can be integrated for more than 1 cardiac
chamber.
ROLE OF STE-DERIVED LARGE DATA ANALYTIC
PLATFORMS IN PRECISION MEDICINE. The ﬁeld of
big data analytics has operationalized precision
medicine as an approach to establishing clinical
phenotypic characterization of different diseases
while taking into account genetic and environmental
variability (15). Phenomapping approaches using
unbiased cluster analysis have recently been pro-
posed for meaningful categorization of patients withHF (2). As shown in our study, STE is capable of
generating useful data from a single echocardio-
graphic loop and can, therefore, improve imaging-
based cardiovascular phenotypic characterization.
Moreover, recent standardization efforts (6,7) have
revealed that STE measurements are more repro-
ducible than conventional 2D and Doppler indices.
The emergence of automated STE approaches may
further improve efﬁciency and reduce interobserver
and intraobserver variability (8). In the near future,
the ability to extract large-scale information from
echocardiography database will enable the emer-
gence of machine learning models capable of
capturing data for automated analyses, so that after
images are uploaded, information will be automati-
cally extracted and analyzed for providing decisions
in real time. This may be helpful in increasing
diagnostic throughput and efﬁciency in the face of
the growing burden of cardiovascular disease in the
community and the existing work shortage in the
ﬁeld (8,25,26).
STUDY LIMITATIONS. This study used novel clus-
tering approaches for the analysis of large-scale STE
data for characterizing diastolic function grades and
LV ﬁlling pressures. However, STE measurements in
our study were obtained from biplane views for
simultaneously enabling chamber quantiﬁcation
using the biplane Simpson method. This allowed
extraction of functional and geometric measurements
that correspond to conventional 2D and Doppler-
based functional assessments. The 3-chamber view
of the left ventricle and left atrium was not included;
therefore, the data may not be truly representative of
global LV and LA mechanics. Second, only longitu-
dinal velocity, strain, and strain rate parameters were
used in the STE database because longitudinal LV
mechanical parameters are better standardized and
currently more reproducible. The incremental value
of radial and circumferential strain parameters and
LV twist mechanics was not tested in the present
investigation. Third, the overall sample size was
small, especially for subgroup analysis for patients
with preserved or reduced EF and the prognostic
information of clustered groups was not evaluated in
the current study. The sample size for exploratory
and validation cohort were in a 70:30 ratio, which is
concordant with designs in previous studies (27,28).
Finally, the correlation of the model used for calcu-
lation of PCWP in the validation cohort was only
moderate, which might be related to the small sample
size and the narrow range of pressures included.
However, the area under the curve for prediction of
PCWP >18 mm Hg was 0.86. Further studies should
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: The
currently recommended algorithms for echocardio-
graphic assessment of left ventricular diastolic function
and ﬁlling pressures are complex, requiring multistep
2D, Doppler and tissue Doppler acquisitions. Alter-
nately, the same information could be automatically
assembled from left atrial and ventricular speckle
tracking echocardiography database which contains
substantial phenotypic information for applying mod-
ern clustering and classiﬁcation algorithms.
TRANSLATIONAL OUTLOOK: Application of clus-
tering and classiﬁcation algorithm to speckle tracking
derived database would be useful for development of
machine learning algorithms that can allow automated
diastolic function assessment. This would be poten-
tially useful for standardized echocardiographic eval-
uations and improving the quality of interpretation.
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12include more samples to validate if such ﬁndings can
be sufﬁcient for clinical decision-making.
CONCLUSIONS
STE offers large-scale data with a high level of infor-
mation overlap with the existing 2D and Doppler-
based indices of diastolic function. Cluster patterns
of STE-based data may be useful for phenotypic
characterization of LV diastolic functions in patients
with diastolic dysfunction.
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